Abstract: GaN nanostructures with various effective refractive index profiles (Linear, Cubic, and Quintic functions) were numerically studied as broadband omnidirectional antireflection structures for concentrator photovoltaics by using three-dimensional finite difference time domain (3D-FDTD) method. Effective medium theory was used to design the surface structures corresponding to different refractive index profiles. Surface antireflection properties were calculated and analyzed for incident light with wavelength, polarization and angle dependences. The surface antireflection properties of GaN nanostructures based on six-sided pyramid with both uniform and non-uniform patterns were also investigated. Results indicate a significant dependence of the surface antireflection on the refractive index profiles of surface nanostructures as well as their pattern uniformity. The GaN nanostructures with linear refractive index profile show the best performance to be used as broadband omnidirectional antireflection structures. Mishra, and J. S. Speck, "High quantum efficiency InGaN/GaN multiple quantum well solar cells with spectral response extending out to 520 nm," Appl.
Introduction
III-nitride (In, Al, Ga, -N) based semiconductor alloys with direct band gap and wide band gap tuning from deep ultraviolet (UV) to near infrared have a great potential to be applied for high efficiency concentrator photovoltaics (CPV) [1] [2] [3] [4] . One key challenge associated with the III-nitride based PV is from the high surface reflection due to the large refractive index contrast between III-nitride semiconductor (n~2.5) and air (n~1). Various antireflection technologies have been applied to suppress surface reflection in different types of solar cells, including 1) single-or multi-layer antireflection coatings (ARCs) [5, 6] , 2) gradient refractive index ARC [7, 8] , and 3) sub-wavelength textured surface [9, 10] . The perfect ARC for a single incident wavelength with normal incident angle is a quarter wavelength thick coating with appropriate refractive index [11] . However, antireflection for solar cell device application requires broadband and omnidirectional antireflection, as well as polarization insensitivity. There is no perfect surface coating or surface structure that simultaneously satisfies all of the requirements with zero surface reflection.
Among the proposed antireflection technologies, surface texturing is an effective approach to reduce surface reflection which has been widely implemented in various solar cell devices. Surface texturing such as nanorods [12] , nanopillars [13] , nanocones [14] , nanohemisphere [15] and nanopyramids [16] have been used. Very recently, we have studied the surface antireflection properties of GaN based hemi-ellipsoid microdome structures, which could significantly reduce surface reflection over a broad wavelength range and a wide incidence angle [17] . Experimentally, we have also demonstrated the feasibility to tune the surface shape and size of the GaN microdome structures by controlling the top-down plasma dry etching conditions [18] . Note that essentially the different surface texturing structures provide different effective refractive index profiles that affect the propagation, reflection and transmission of electromagnetic fields.
In this paper, we studied and compared the surface antireflection properties of GaN nanostructures with various effective refractive index profiles (Linear, Cubic, and Quintic functions) by using three-dimensional finite difference time domain (3D-FDTD) method. Effective medium theory was used to design the surface structures corresponding to different refractive index profiles. Comprehensive studies of the surface reflections on GaN nanostructures with various effective refractive index take into account the incident wavelength, incident angle and incident light polarizations. The surface antireflection properties were compared with that of GaN six-sided pyramids which are readily formed by wet etching process [19] . The effect of the uniformity of GaN pyramids on surface reflection was also investigated.
Numerical simulation method
In this work, the numerical studies of surface antireflection properties of GaN nanostructures with various effective refractive index profiles were performed by using a 3D-FDTD method. Based on our previous studies [17] , the surface reflection significantly depends on the surface structure size and shape. GaN hemi-ellipsoid microdome with dimension of diameter D = 200 nm and height H = 250 nm, and arranged in a periodic hexagonal close-packed pattern provides a relatively low surface reflection over a broad wavelength range (300nm~1200nm) and a wide incidence angle (0°~80°). Here, based on the GaN nanostructure with diameter D = 200 nm and height H = 250 nm with hexagonal pattern, we comprehensively studied the effect of the surface structure effective refractive index profile on the surface reflection properties.
Utilizing the symmetric property of the hexagonal pattern, the simulation region was reduced to a unit cell with area of a × 3 a, where a represents the center-to-center distance between two nanostructures within the close-packed pattern. Perfectly matched layers (PML) boundary condition was applied in the normal direction to the surface interface. Bloch boundary condition was used at the interface along the in-plane direction.
Structure design and formula
In order to design surface structures corresponding to different refractive index profiles, effective medium theory was applied here. Three different surface structures corresponding to effective index profiles of Linear, Cubic and Quintic functions were designed. The continuous gradient refractive index profiles with the three functions are expressed as following [20] :
( ) Linear index profile : 
where n i and n s are the refractive indices of air and substrate, respectively, t is the normalized thickness of the nanostructures ranging from 0 to 1.
Effective medium theory (EMT)
The effective medium theory is most accurate when the feature size is smaller than that of the incident wavelength. Here, the maximum feature size is in the range of 200nm, which is considerably small as compared to the incident wavelength in the near-UV to the near infrared range. The effective refractive index for both transverse electric (TE, or S) and transverse magnetic (TM, or P) polarizations are expressed as following [21, 22] :
where , eff TE n is the effective index for TE (or S) polarization, , eff TE n is the effective index for TM (or P) polarization, and f is the filling factor of the surface nanostructures.
Filling factor
In this study, filling factor (f) is defined as the filling percentage of the structure cross section area over one hexagon area on the substrate [23] . Due to the rotational symmetric property of the structures with cone shapes, the cross section of the structure has a circular shape with radius (r) which varies as a function of the structure height (h). The cone shape structures (D = 200nm) with hexagonal close-packed lattice pattern occupied the hexagon area ( 2 2 3L ) with side length L on the substrate surface, which is shown in Fig. 1(a) . For this pattern, the filling factor of nanostructure varies from 0 to 0.907, which can be described by the following equation:
Six-sided pyramid structure
Wet etching process has been widely implemented in GaN based light-emitting diodes (LEDs) to enhance its light extraction efficiency [24] [25] [26] [27] . Six-sided pyramid structures are typically obtained from the wet etching of N-polar GaN. Observed from experiments, the formed GaN pyramid structures contain a 62° angle between the basal plane {000-1} and the edge of bounding pyramids plane {10-1-1} [19, [28] [29] [30] . The wet etching process of N-polar GaN is based on the defect-selective etching behavior, which leads to non-uniform dimension and distribution of the etched pyramid structures. In this study, we investigated the surface antireflection properties of the GaN six-sided pyramid nanostructures with both uniform and non-uniform patterns, as shown in Figs. 1(b) and 1(c). For the uniform pattern, the same dimension of D = 200 nm was used, the height of the structure was calculated to be H = 188 nm based on the angle of 62° between the basal plane and the edge of bounding pyramids planes. The filling factor for the six-sided pyramid structure with hexagonal pattern can be obtained from the following equation: 
where, as shown in Fig. 1(b) , L is the side length of one hexagon as unit-cell configuration to be repeated, r is the radius of pyramids nanostructures. Hence, the filling factor of pyramid structures with uniform pattern is ranging from 0 to 1 (the interface between nanostructures and substrate). For the non-uniform pattern six-sided pyramid nanostructures, we use the mixture of two types of pyramids, D = 200nm with H = 188nm and D = 100nm with H = 94nm to represent the non-uniformity, as shown in Fig. 1(c) . 
Results and discussions

Antireflections of GaN nanostructures with linear, cubic, and quintic index profiles
Based on the effective medium theory, the surface nanostructures with linear, cubic and quintic refractive index profiles were obtained as shows in Fig. 2 . Note that here we utilized the S mode function to obtain these surface structures. The nanostructures were arranged with close-packed hexagonal patterns. Figures 2(d) , 2(e) and 2(f) plot the linear, cubic and quintic refractive index profiles as a function of the surface structure height. From Fig. 2 , the surface feature shapes vary according to the refractive index profile functions. Fig. 3(b) ]. Note that, the fixed incident wavelength of 500nm represents the wavelength region with the highest irradiance power in solar spectrum. For S polarization, all of the three GaN nanostructures with different refractive index profiles show significant reduction of the surface reflection at different incident angles from 0° (normal incidence) to 80°. For P polarization, all three structures show reduced surface reflection with incident angle <60°. The nanostructures lead to a shift of the Brewster angle from 67° for the conventional GaN flat surface to 38°-42° for the GaN nanostructures. By comparing between the three GaN nanostructures, the surface structure with cubic index profile function shows lower surface reflection than that of the one with quintic index profile function, and the structure with the linear index profile function shows the lowest surface reflection at all incident angles for both S and P polarizations. Specifically, the surface reflection could be reduced to <2% (for S) and <1% (for P) with incident angle <50° by using the surface structures with linear index profile function. Figures 4(a) and 4(b) plot the wavelength dependence of the surface reflection for GaN nanostructures at normal incidence (0°) for both S and P polarizations as compared to that of the conventional GaN flat surface. The surface reflection as a function of the incident wavelength for the GaN nanostructures shows oscillations, which is due to the interference between the reflected waves from the surface nanostructures. For S polarization, the three GaN based nanostructures show significant reduction of surface reflection over a broad wavelength range (300 nm<λ<1200 nm). The GaN nanostructure with linear refractive index profile shows the lowest surface reflection over the entire wavelength range. For P polarization, the general trend is similar as that of the S polarization, except in some particular wavelength region the surface reflection of the GaN nanostructure with the cubic index profile shows lower reflection than that of the one with linear index profile. This is due to the oscillation of the surface reflection. Specifically, the results indicate that the GaN nanostructure with linear refractive index profile leads to surface reflection < 1% over the wavelength range from 340nm to 880 nm for both S and P polarizations.
Antireflections of GaN nanostructures with six-sided pyramids (uniform Vs. non-uniform)
GaN six-sided pyramid structures are typically obtained during the wet-etching process of Npolar GaN. Here, we studied the surface reflection properties of the GaN six-sided pyramid structures with both uniform and non-uniform hexagonal patterns as shown in Fig. 6(b) ] polarizations. For S polarization, the GaN pyramid structures with uniform pattern show the lowest surface reflection over the broad incident angle range. At normal incidence, the surface reflection of the S polarization reaches as low as 0.03%. For P polarization, the surface reflection of the GaN pyramid structures with uniform pattern shows better performance as compared to that of the structure with non-uniform pattern. The surface reflection of the GaN pyramid structures have higher value with relative large incident angle (>45°) as compared to that of the GaN flat surface. This is due to the Brewster angle of the GaN flat surface at 68°, which gives the lowest surface reflection. At normal incidence, the surface reflection of the P polarization reaches as low as 0.05%. Note that no Brewster angle is observed for the GaN pyramid structures, which is due to the mixture of multiple side walls of the pyramid structures with oblique incidence. The wavelength dependence of the surface reflection of the GaN pyramid structures at normal incidence is shown in Fig. 7 . The surface reflection for the GaN pyramid structures with uniform pattern shows oscillation which is due to the interference between the reflected waves from the surface structure. The general trend indicates that the surface reflection of the GaN pyramids with uniform pattern has lower surface reflection as compared to that of the one with non-uniform pattern over a broad wavelength range for both S and P polarizations.
In order to compare the surface reflection properties of the above studied five structures with GaN flat surface, Fig. 8 plots the comparison of the surface reflection for these structures as a function of incident angle with fixed wavelength of 500 nm. The surface reflection is obtained by averaging both S and P polarizations. From the comparison, the surface reflection of the GaN pyramid structures with uniform pattern is the lowest with incident angle < 30°. For larger incident angle, the surface reflection of the GaN nanostructures with linear index profile shows the lowest reflection. Note that the uniformity of the pyramid structures affects the surface reflection significantly. Non-uniformity of the GaN pyramid structures brings up the reflection significantly as shown in Fig. 8 . Experimentally, it is very challenging to achieve uniform GaN pyramid pattern. Figure 9 plots the wavelength dependence surface reflection for the five structures as compared to that of the conventional GaN flat surface with normal incidence. Similarly, the surface reflection values are averaged for both S and P polarizations. Over the broad wavelength range for 300nm −1200 nm, the GaN nanostructure with linear index profile shows the best performance as compared to the other structures. Experimentally, it is very feasible to form uniform GaN nanostructures with desired surface feature and size by using self-assembled nanolithography and reactive ion etching method [18] . By optimizing the reactive ion etching condition, 3D GaN nano/micro structures with desired shape can be fabricated. Thus, the GaN nanostructure with linear index profile is a very promising structure to be implemented in concentrator photovoltaics for enhancing solar cell device efficiency. Similar concept can be transformed to be implemented in other material systems such as silicon and III-V based solar cell devices.
Summary
In summary, surface reflection properties of GaN nanostructures with linear, cubic and quintic effective refractive index profiles were studied and compared with that of the conventional GaN flat surface. The results indicate significant reduction of surface reflection for these GaN nanostructures over a wide incident angle and broad wavelength range for both S and P polarizations. Studies of the surface reflection properties of GaN pyramid structures indicate its significant dependence on the nanostructure uniformity. By systematically comparing the surface reflections between the five structures as well as the GaN flat surface, the GaN nanostructure with linear index profile shows great promise to be implemented in solar cell devices to enhance the light collection efficiency. Similar concept could be used in other material system such as silicon and III-V based solar cells.
